Type III-mediated translocation of exoenzyme S (ExoS) into HT-29 epithelial cells by Pseudomonas aeruginosa causes complex alterations in cell function, including inhibition of DNA synthesis, altered cytoskeletal structure, loss of readherence, microvillus effacement, and interruption of signal transduction. ExoS is a bifunctional protein having both GTPase-activating (GAP) and ADP-ribosyltransferase (ADPRT) functional domains. Comparisons of alterations in HT-29 cell function caused by P. aeruginosa strains that translocate ExoS having GAP or ADPRT mutations allowed the independent and coordinate functions of the two activities to be assessed. An E381A ADPRT mutation revealed that ExoS ADPRT activity was required for effects of ExoS on DNA synthesis and long-term cell rounding. Conversely, the R146A GAP mutation appeared to have little impact on the cellular effects of ExoS. While transient cell rounding was detected following exposure to the E381A mutant, this rounding was eliminated by an E379A-E381A ADPRT double mutation, implying that residual ADPRT activity, rather than GAP activity, was effecting transient cell rounding by the E381A mutant. To explore this possibility, E381A and R146A-E381A mutants were examined for their ability to ADP-ribosylate Ras in vitro or in vivo. While no ADP-ribosylation of Ras was detected by either mutant in vitro, both mutants were able to modify Ras when translocated by the bacteria, with the R146A-E381A mutant causing more efficient modification than the E381A mutant, in association with increased inhibition of DNA synthesis. Comparisons of Ras ADP-ribosylation by wild-type and E381A mutant ExoS by two-dimensional electrophoresis found the former to ADP-ribosylate Ras at two sites, while the latter modified Ras only once. These studies draw attention to the key role of ExoS ADPRT activity in causing the effects of bacterially translocated ExoS on DNA synthesis and cell rounding. In addition, the studies provide insight into the enhancement of ExoS ADPRT activity within the eukaryotic cell microenvironment and into possible modulatory roles that the GAP and ADPRT domains might have on the function of each other.
The opportunistic pathogen, Pseudomonas aeruginosa, causes serious infections in compromised individuals through the production of multiple virulence factors. ExoS has been implicated in bacterial virulence (21) , but an understanding of its cellular mechanism of action has been complicated by its type III-mediated secretion, which requires contact between P. aeruginosa and target cells for ExoS translocation (45) . Consistent with ExoS contributing to P. aeruginosa virulence, bacterial-eukaryotic coculture studies comparing the effects of P. aeruginosa strain 388 and its ExoS isogenic mutant on HT-29 epithelial cell function showed ExoS production to be associated with a decrease in DNA synthesis, long-term alterations in cell morphology, microvillus effacement, and a loss of the ability to readhere (34) . Epithelial cell sensitivity to ExoS parallels the opportunistic nature of P. aeruginosa infection, with normal confluent epithelial monolayers being resistant to the effects of bacterially translocated ExoS, while compromised epithelial monolayers are sensitive to ExoS (11, 33) .
ExoS is a bifunctional molecule containing an amino-terminal YopE-like domain that disrupts cytoskeletal structure (38) and a carboxy-terminal domain containing ADP-ribosyltransferase (ADPRT) activity (26) . Transfection and transient expression of the region encoding N-terminal residues 1 to 234 of ExoS in Chinese hamster ovary (CHO) cells caused a disruption of actin filaments by affecting Rho family proteins that regulate cytoskeletal structure (38) . Subsequent in vitro studies related this actin disruption to GAP activity located within the amino terminus of ExoS that is specific for the low-molecularmass G (LMMG) proteins, Rho, Rac, and Cdc42 (18) . In vitro analyses found the ADPRT activity of ExoS to target another family of LMMG proteins, the Ras family, with Ras, Rap, Rab, and Ral identified as preferred substrates (4, 5) . Of these LMMG proteins, Ras (32) and, more recently, Ral (J. E. Fraylick, T. S. Vincent, J. C. Olson, Abstr. 100th Gen. Meet. Am. Soc. Microbiol. 2000, abstr. B113, p. 67, 2000) have been confirmed as in vivo substrates of ExoS ADPRT activity following bacterial translocation. The ADP-ribosylation of Ras by ExoS was shown to inhibit guanine nucleotide exchange factor (GEF)-mediated Ras GDP-to-GTP exchange in vitro, which in turn affects Ras-Raf-1 interaction in vivo (15, 20, 43) . These data are consistent with inhibitory effects of ExoS on DNA synthesis relating, at least in part, to the ADP-ribosylation of cellular Ras, which leads to an interference of the Ras-Raf-1 proliferative pathway.
The identification of ExoS as a bifunctional protein brings into question the independent and coordinate roles of ExoS GTPase-activating (GAP) and ADPRT activities in the effects of ExoS on eukaryotic cell function. To assess the functional interplay of these two activities following bacterial translocation, ExoS with mutations in either GAP and/or ADPRT functions was translocated into HT-29 epithelial cells using a P. aeruginosa strain, PA103⌬exoUexoT (PA103⌬UT), that lacks production of known type III effector proteins (42) . The studies found that ExoS ADPRT activity was required for severe effects of ExoS on cell function, including the decrease in eukaryotic cell DNA synthesis and long-term alterations in cell morphology. GAP function, alternatively, was found to contribute minimally to the effects of ExoS on cell morphology, but loss of GAP activity appeared to modulate the effects of ExoS ADPRT activity on cell function.
MATERIALS AND METHODS
Bacterial strains and culture conditions. P. aeruginosa strains used in these studies include the parental strain 388 (22) ; strain 388⌬exoS (388⌬S), an isogenic mutant that lacks production of ExoS (28) ; and strain PA103⌬exoUexoT::Tc (PA103⌬UT), a derivative of the strain PA103 from which the exoU and exoT genes were deleted (42) . The relevant phenotypes of these strains are compared in Table 1 . PA103⌬UT served as the host strain for the production and type III-mediated translocation of ExoS constructs shown in Table 2 . All bacterial strains were stored in 10% skim milk at Ϫ70°C and grown in preparation for coculture in ExoS induction medium (TSBD-N) (22) , as previously described (35) , for 16 h. For culture with eukaryotic cells, bacteria were diluted based on the culture optical density at 590 nm to approximately 10 7 CFU/ml in McCoy's 5A tissue culture medium (Gibco-BRL, Gaithersburg, Md.), containing 0.6% bovine serum albumin (Sigma, St. Louis, Mo.) (McCoys-BSA). Bacterial dilutions were subsequently plated and counted to calculate the multiplicity of infection (MOI) for each experiment. An average MOI of 50 was used in these studies, with an MOI ranging from 10 to 100 previously being found to be optimal for examining the effects of ExoS on eukaryotic cell function and Ras modification (32, 34, 35) .
Construction of ExoS mutants. The pUCP vector (40) , the pUCP vector containing the exoS gene cloned from strain 388 (28) , and the pUCP vector encoding an E381A mutant form of ExoS with Ͻ0.02% wild-type ADPRT activity (31, 42) have been previously described and were kindly provided by Dara Frank (Medical College of Wisconsin, Milwaukee, Wis.). The R146A GAP and E379A-E381A ADPRT mutations were introduced into the PstI-BamHI fragment of the exoS gene cloned in the pUCP vector (45) using the QuikChange PCR-based site-directed mutagenesis system (Stratgene, La Jolla, Calif.). The primers for the R146A mutation were as follows: forward, 5Ј-CGGAGATGGG GCGCTAGCTTCGCTGAGCACCG-3Ј, and reverse, 5Ј-CGGTGCTCAGCGA AGCTAGCGCCCCATCTCCG-3Ј. For the E379A-E381A ADPRT double mutation, the primers were as follows: forward, 5Ј-CGAACTACAAGAATGCAA AAGCGATTCTCTATAACAAAG-3Ј, and reverse, 5Ј-CTTTGTTATAGAGA ATCGCTTTTGCATTCTTGTAGTTCG-3Ј. The R146A-E381A double mutant was constructed using the R146A primers and the pUCP E381A exoS mutant as a template. Alternatively, the R146A-E379A-E381A mutant was constructed using the E379A-E381A primers and the pUCP R146A exoS mutant as template. PCR reaction mixtures contained 50 ng of plasmid DNA, a 25 M concentration of each primer, a 25 M concentration of each deoxynucleotide triphosphate, 5 l of 10ϫ Pfu reaction buffer, and 2.5 U of Pfu DNA polymerase (Stratagene). The mixtures were subjected to one denaturing cycle of 2 min at 95°C and then 18 cycles under the following conditions: a 30-s denaturing cycle at 95°C, followed by a 30-s annealing cycle at 60°C and a 12-min extension cycle at 72°C, and completed by a final extension cycle of 60 min at 72°C. The plasmid containing the mutated clone was electroporated into Escherichia coli DH5␣ electrocompetent cells (2) . The transformed cells were selected for ampicillin resistance (75 g/ml). Mutations were initially screened using restriction digest sites introduced into the design of the primers. The exoS mutant genes were subsequently sequenced to confirm the specific mutation and the absence of additional sequence aberrations.
The pUCP vectors encoding mutant forms of ExoS were transformed into the P. aeruginosa strain PA103⌬UT by electroporation using the protocol of Dennis and Sokol (7) . Briefly, PA103⌬UT were grown to late-logarithmic phase and then electroporated with 150 ng of the mutated plasmid. Following a 1-h recovery in SOC medium (containing, in 500 ml, 10 g of Bacto-tryptone and 2.5 g of Bacto-yeast extract [Difco, Detroit, Mich.], 290 mg of NaCl, 93 mg of KCl, 1 g of MgCl 2 ⅐ 6H 2 O, 600 mg of MgSO 4 , and 3.5 ml of 50% glucose), bacteria were plated onto carbenicillin selection medium (400 g/ml). To confirm that colonies of the P. aeruginosa contained the correct ExoS mutant, plasmids were isolated from P. aeruginosa and electroporated back into DH5␣, and diagnostic restriction digests were performed on reisolated plasmids.
Eukaryotic cell culture. HT-29 colon carcinoma cells obtained from the American Type Culture Collection (ATCC HTB 38, Rockville, Md.) were maintained in McCoy's 5A medium, supplemented with 10% fetal bovine serum (Gibco-BRL) (McCoys-FBS) at 37°C in 5% CO 2 -95% air. In preparation for culture with bacteria, HT-29 cells were detached from the culture flask with 0.25% trypsin-1 mM EDTA (trypsin-EDTA) (Gibco-BRL), resuspended in McCoys-FBS, counted, and seeded at 10 5 cells/ml in 48-or 6-well culture plates or 100-mm dishes (Costar, Cambridge, Mass.). After 48 h, the cell culture medium was removed and replaced with McCoys-BSA containing 10 7 CFU of the indicated bacterial strain per ml, or no bacteria, and then cultured for 4 h and assayed for changes in cell function as described below.
Examination of the effects of ExoS on cell function. (i) Quantification of DNA synthesis. Following a 4-h exposure to bacteria, HT-29 cells were washed with phosphate-buffered saline (PBS) and pulsed for 20 h with 1 Ci of [methyl-3 H]thymidine (25 Ci/mmol; Amersham Life Sciences, Arlington Heights, Ill.) per ml in McCoys-FBS containing 200 g of gentamicin (Sigma) and 100 g of ciprofloxacin (Bayer, West Haven, Conn.) per ml (McCoys-FBS-GC), which was found to inhibit residual bacterial growth. DNA synthesis was quantified as previously described (35) and is reported as the percent [ 3 H]thymidine incorporation relative to nonbacterial treated control cells.
(ii) Examination of cell morphology. Transient (reversible) and long-term (irreversible) effects of bacterially translocated ExoS on HT-29 cell morphology were assessed by phase-contrast microscopy using a Zeiss Axioplan microscope, and images were obtained with a Spot 2e Digital Camera (Diagnostic Instruments, Inc., Sterling Heights, Mich.). Transient effects on morphology were examined immediately after the 4-h coculture period. Long-term effects on morphology were examined by removal of bacteria following a 4-h coculture period, washing the cells with McCoys-FBS-GC, and allowing cells to recover for 20 h in McCoys-FBS-GC.
Confirmation of ExoS mutant production and secretion. To examine ExoS production by PA103⌬UT strains containing mutant forms of ExoS, a 1-ml aliquot of bacteria grown in TSBD-N for coculture studies was centrifuged at 7,500 ϫ g for 10 min. Secreted proteins, in 4 l of culture supernatant, were resolved by sodium dodecyl sulfate (SDS)-7.5% polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, Mass.) by the methods of Laemmli (29) and Towbin et al. (41) , respectively. ExoS immunoblots were developed using a rat antiserum produced in our laboratory against the native form of ExoS (35), followed by peroxidase-conjugated goat anti-rat antibody (Sigma), and visualized by enhanced chemiluminescence (ECL; Amersham, Arlington Heights, Ill.). ExoS was quantified by densitometric analysis of immunoblot images within the linear concentration range, and values obtained using the NIH image version 1.6 program were related to a previously quantified ExoS standard. The ADPRT activity of ExoS mutants was determined in TSBD-N culture supernatants of PA103⌬UT containing the respective ExoS construct using the artificial substrate, soybean trypsin inhibitor (SBTI; Sigma) as the ADP-ribose acceptor, as previously described (26) , and quantified relative to an ExoS standard. The specific ADPRT activity of ExoS constructs was calculated as the ratio of ExoS ADPRT activity to densitometric calculations of ExoS protein concentration and is expressed as femtomoles of ADP-ribose transferred per minute per nanogram of ExoS protein in culture supernatants.
Analysis of ADP-ribosylation of Ras by ExoS mutants in vitro and in vivo. (i) In vitro. ADP-ribosylation of H-Ras was examined by using the pXCR plasmid as the source of the H-Ras gene coding sequence, kindly provided by Larry Feig (Tufts University School of Medicine, Boston, Mass.) (9) . H-Ras was expressed and purified according to previously published procedures (8, 43) . The ADPribosyltransferase reactions were run at 20°C for 1 h in 0.2 M Tris-acetate (pH 6.0)-1 mM MgCl 2 -10 mM NAD-0.2 M 14-3-3 (Upstate Biotechnology, Lake Placid, N.Y.), using 0.5 M H-Ras as a substrate and 30 l of culture supernatant from PA103⌬UT strains producing the indicated ExoS construct. Reactions were stopped with 4ϫ Laemmli sample buffer and heating at 95°C for 5 min, resolved by SDS-12% PAGE, and blotted onto PVDF membranes. To detect Ras, membranes were probed with mouse anti-H-Ras LA069 and mouse anti-pan Ras LA045 antibodies (Quality Biotech, Camden, N.J.), followed by horseradish peroxidase (HRP)-conjugated anti-mouse immunoglobulin G (IgG; Jackson ImmunoResearch, West Grove, Pa.), and visualized by ECL.
(ii) In vivo. ADP-ribosylation of cellular Ras by bacterially translocated ExoS was assessed by SDS-PAGE and two-dimensional electrophoresis (2DE) based on the altered mobility of Ras after exposure of HT-29 cells to the indicated bacterial strains for a 4-or 5-h coculture period, as previously described (32, 43) . Briefly, following the coculture period, Ras was immunoprecipitated from cell extracts using monoclonal Y13-259 Ras antibody (ATCC) and protein G-agarose (Sigma). For SDS-PAGE analyses, immunoprecipitates were resuspended in Laemmli sample buffer, resolved by SDS-12% PAGE, and transferred to PVDF membranes. For 2DE analyses, immunoprecipitates were solubilized in 2DE rehydration buffer (8 M urea, 2% Triton X-100, 0.3% dithiothreitol [DTT], 1.5% Pharmalytes [Pharmacia, Piscataway, N.J.]). Proteins were separated by pI on Immobiline pH 4 to 7 gradient gel strips (Pharmacia) by focusing for 2 h at 100 V, followed by 3 h at 1,000 V, and then 16 h at 3,500 V. Strips were equilibrated for 10 min with SDS equilibration buffer (50 mM Tris-Cl, pH 6.8; 6 M urea; 30% glycerol; 2% SDS) containing 20 mg of DTT per ml, followed by 10 min with SDS equilibration buffer containing 25 mg of iodoacetamine (Sigma) per ml. Proteins were resolved in the second dimension on SDS-12% polyacrylamide gels and transferred to PVDF membranes. Immunoblotted Ras in SDS-PAGE and 2DE analyses was detected by using mouse anti-H-Ras LA069 and mouse anti-pan Ras LA045 antibodies, as described above.
Cellular fractionation and analysis of bacterial translocation of ExoS mutant proteins. HT-29 cells, plated in 100-mm dishes, were cocultured with PA103⌬UT-ExoS mutant strains for 4.5 h and fractionated into cytosolic and membrane components using a modification of the methods of Kenny and Finlay (24) . Briefly, bacteria were removed following the coculture period, and HT-29 cells were rinsed twice with 1 ml of PBS, scraped into 1 ml of PBS, and then washed twice with 1 ml of PBS, with centrifuging at 400 ϫ g for 5 min between washes. Cells were resuspended in 100 l of saponin buffer (0.2% saponin, 100 mM NaCl, 250 mM sucrose, 5 mM EDTA, 100 g of ciprofloxacin and the protease inhibitors per ml, phenylmethylsulfonyl fluoride [1 mM], and 10 g of leupeptin and 10 g aprotinin per ml [Sigma] ) and incubated on ice for 10 min. Cells were then passed through a 28-gauge needle on a 1-ml syringe seven times and centrifuged at 16,000 ϫ g for 20 min, and the supernatant (cytosolic fraction) was removed. The pellet was resuspended in 100 l of 1% Triton X-100-100 mM NaCl-5 mM EDTA, plus ciprofloxacin and protease inhibitors, and vortexed for 15 s every 5 min for 20 min to solubilize the membrane proteins (TX-100 fraction). The Triton X-100 insoluble pellet that remained (pellet fraction) contained adherent bacteria and host cell cytoskeleton and nuclei. For analysis of ExoS protein in the cytosolic or TX-100 fractions, 50 l of each sample was mixed with 4ϫ Laemmli sample buffer and heated at 95°C for 5 min. The pellet fraction was resuspended in 100 l of 1ϫ Laemmli sample buffer and heated as described above. A 50-l volume of each fraction was resolved on SDS-15% polyacrylamide gels and immunoblotted for ExoS as described above. To directly compare ExoS protein to functional substrate modification, ExoS blots were reprobed for Ral, another in vivo target of ExoS ADPRT activity, using a monoclonal anti-RalA monoclonal antibody (Transduction Laboratories, Lexington, Ky.), followed by HRP-conjugated anti-mouse IgG, and then visualized by ECL. ADPRT activity in remaining portions of cytosolic and TX-100 fractions was quantified in vitro using SBTI as a substrate, as described above. (38) adds another degree of complexity to an understanding of the cellular mechanism of action of ExoS. To determine the role of ExoS ADPRT activity in previously identified cellular effects of bacterially translocated ExoS, five strains of P. aeruginosa were compared for their effects on HT-29 cell function. These strains included (i) the prototype ExoS-producing strain, 388, and (ii) its non-ExoS-producing, isogenic mutant, 388⌬S, previously used to define ExoS-specific effects on cell function (34, 35) ; (iii) a derivative of strain PA103, PA103⌬UT, that does not produce type III effector proteins ExoT, ExoU, ExoY, or ExoS, to which the ExoS structural gene was introduced on the pUCP plasmid (PA103⌬UT-ExoS); (iv) PA103⌬UT containing the pUCP plasmid encoding the E381A mutant form of ExoS that has 0.02% of wild-type ADPRT activity (31) (PA103⌬UT-E381A); and (v) PA103⌬UT containing the pUCP vector control (PA103⌬UT-pUCP). The phenotypes of these strains and ExoS ADPRT activity in culture supernatants following growth in ExoS induction medium are presented in Tables 1 and 2 (see also Fig. 1 ).
RESULTS

Role of ADPRT activity in the effects of ExoS on HT-29 cell function. The identification of ExoS as a bifunctional toxin
(i) Proliferation. Previous studies examining ExoS-specific effects on eukaryotic cell function found the ExoS-producing strain 388 to cause a greater inhibition of DNA synthesis than strain 388⌬S (35) . This suggested that bacterial translocation of ExoS caused an alteration in signal transduction pathways affecting cell proliferation. To examine the role of the ADPRT activity of ExoS in its effects on cell proliferation, strain PA103⌬UT expressing ADPRT-active ExoS or E381A ADPRTdefective ExoS was cocultured with HT-29 epithelial cells and compared with strains 388 and 388⌬S for their differential effects on DNA synthesis. As shown in Fig. 2, [ 3 H]thymidine incorporation in cells cultured with strain PA103⌬UT-ExoS was inhibited by 81.3% Ϯ 5.3%, which was similar to the 88.3% Ϯ 1.3% inhibition of DNA synthesis caused by strain 388. In comparison, bacterial translocation of the E381A ADPRT mutant ExoS caused a 61.3% Ϯ 5.3% decrease in DNA synthesis, similar to the 58.4% Ϯ 5.7% and 59.4% Ϯ 12.6% decreases caused by strains 388⌬S and the PA103⌬UT-pUCP control, respectively. Previous studies indicated that the effects of nonExoS-producing strains on DNA synthesis related to the production of non-type III-secreted factors by P. aeruginosa (34) . Relative to the effects of ExoS on cell function, these results indicate that ExoS ADPRT activity is required for the inhibition of DNA synthesis caused by bacterially translocated ExoS. (ii) Morphology. Since transfection studies found the aminoterminal GAP activity of ExoS to alter cytoskeletal structure (38), we next examined how bacterially translocated ExoS that maintained GAP activity but had E381A mutant ADPRT activity would affect HT-29 cell morphology. Severe cell rounding was observed following a 4-h exposure to the ExoS-producing strains, PA103⌬UT-ExoS and 388, compared to cells treated with no bacteria or the PA103⌬UT-pUCP control (Fig. 3, 4 h ). Slightly less cell rounding was observed following exposure to strains 338⌬S and PA103⌬UT-E381A, both of which retain GAP activity for Rho, Rac, and Cdc42. Strain 338⌬S maintains GAP function through its expression of ExoT (27) , while PA103⌬UT-E381A retains GAP function in the E381A mutant form of ExoS.
While ExoS-producing strain 388, as well as non-ExoS-producing strain 388⌬S, can cause cytoskeletal alterations, ExoSassociated morphological alterations were previously found to be irreversible, while those caused by strain 388⌬S were reversible following removal of bacteria (34) . To assess the role of ExoS ADPRT activity in irreversible (long-term) alterations in HT-29 cell morphology, cells were allowed to recover from a 4-h exposure to bacteria by culturing them in medium containing antibiotics for an additional 20 h. As shown in Fig. 3 (24 h), cells exposed to strains 388⌬S and PA103⌬UT-E381A were able to regain normal morphology upon the removal of bacteria. However, a high percentage of cells exposed to strain 388 and PA103⌬UT-ExoS remained rounded after the 20-h recovery period. These studies support the idea that long-term cell rounding caused by bacterially translocated ExoS requires ExoS ADPRT activity. Alternatively, reversible (transient) cell rounding observed following a 4-h exposure to strains 388⌬S and PA103⌬UT-E381A, which lack ExoS ADPRT activity, was presumed to relate to the GAP activity expressed by these strains.
Role of the GAP activity in the effects of ExoS on HT-29 cell function. Transient-transfection studies of Pederson et al. (38) confirmed the ability of N-terminal residues 1 to 234 of ExoS to cause morphological alterations, independent of ADPRT activity. A GAP activity for Rho, Rac, and Cdc42 was subsequently localized to residues 90 to 234 of ExoS, and Arg146 within this region was found to be integral to GAP activity in vitro and to GAP-associated CHO cell rounding in transfection studies (18, 37) . Based on these studies, we constructed an R146A mutant of ExoS, with or without ADPRT mutations, to examine the independent and coordinated role of GAP activity in the effects of bacterially translocated ExoS on HT-29 cell function. These ExoS constructs and the mean specific activity of each construct (ADPRT activity per nanogram of ExoS cross-reactive protein) are shown in 5 cells/ml and grown for 48 h to ϳ40% confluency. Cell culture medium was then removed and replaced with McCoys plus 0.6% BSA medium containing no bacteria ("0") or 10 7 CFU of strain 388 (388), non-ExoSproducing strain 388⌬S (388⌬S), or of PA103⌬UT strains containing the pUCP control (pUCP), the pUCP-ExoS E381A ADPRT mutant (E381A), or the pUCP-ExoS (ExoS) vectors. Following a 4-h coculture period, bacteria were removed and replaced with medium containing reactive protein secreted by each of the mutants when cultured in vitro is shown in Fig. 1 .
(i) Proliferation. When strains expressing the R146A and double R146A-E381A mutant forms of ExoS were examined in parallel for their effects on HT-29 cell DNA synthesis, the R146A mutation appeared to have minimal impact on ExoS inhibition of DNA synthesis. PA103⌬UT expressing the R146A mutant caused a 77.9% Ϯ 5.6% inhibition of DNA synthesis which compared closely to the 81.6% Ϯ 3.3% inhibition caused by PA103⌬UT-ExoS (Fig. 4) . Unexpectedly, when an R146A GAP mutation was coupled with the E381A ADPRT mutation, a consistently greater inhibition of DNA synthesis was detected than that caused by the single E381A mutation. This difference is represented in Fig. 4 by a 64.5% Ϯ 1.2% and 27.5% Ϯ 4.0% inhibition in DNA synthesis caused by the R146A-E381A and E381A mutants, respectively. The increased inhibition did not appear to relate to different rates of production of the ExoS mutants, as supported by their comparable levels in bacterial culture supernatants (Fig. 1) . The results from these studies indicate that the GAP function of ExoS, as defined by the R146A mutation, is not required for inhibitory effects of ExoS on DNA synthesis. However, these studies also provide evidence that coupling a GAP mutation with an E381A ADPRT mutation somehow modulates inhibitory effects of the E381A mutation on DNA synthesis.
(ii) Morphology. Transient and long-term effects of the GAP-ADPRT ExoS mutants on HT-29 cell morphology were examined in parallel and are shown in Fig. 5A . Cell rounding was apparent following a 4-h exposure to PA103⌬UT expressing ExoS, E381A, and R146A forms of ExoS, but rounding was lessened following exposure to the R146A-E381A ExoS mutant. While the short-term cell rounding caused by the E381A mutant was predicted to relate to its intact GAP function, the finding that this rounding was also evident in R146A mutant treated cells indicates that early effects on cell morphology do not require GAP function. In examining long-term effects of ExoS GAP mutants on cell morphology, 20 h after the removal of bacteria, cell rounding persisted to a greater extent in cells treated with ExoS and the R146A mutant, with cell rounding remaining minimal in cells treated with the E381A or R146A-E381A mutant. The studies indicate that ExoS ADPRT activity, but not GAP activity, is required for long-term effects of ExoS on cell morphology. In addition, the finding that some rounding was evident following a 4-h exposure to the double R146A-E381A mutant implies that non-GAP, non-E381 related functions of ExoS are also affecting cell morphology.
Comparison of the E381A and E379A-E381A ADPRT double mutant on effects of ExoS on HT-29 cell function. Studies of Radke et al. (39) showed two glutamic acid residues, E379 and E381, to contribute to the ExoS ADPRT reaction. The E381 residue functions as the primary catalytic residue, while the E379 residue contributes to the transfer of ADP-ribose to the target protein. To assess how the E379 residue might contribute to the toxicity caused by the R146A-E381A mutant, an E379A-E381A double ADPRT ExoS mutant was constructed, with or without the R146A mutation, and analyzed for its effects on HT-29 cell function. DNA synthesis assays found that the introduction of an E379A-E381A ADPRT mutation in combination with the R146A mutation abrogated the inhibitory effects of the R146A/E381A mutation on DNA synthesis. The R146A-E379A-E381A triple mutant caused a 33.7% Ϯ 1.6% inhibition of DNA synthesis, closely approaching the 27.5% Ϯ 4.0% inhibition caused by the E381A mutant (Fig. 4) . Examination of transient (4-h) and long-term (24-h) effects on HT-29 cell morphology found the E379A-E381A ADPRT mutant and the R146A-E379A-E381A GAP-ADPRT mutant to have the least effect on cell rounding (Fig. 5B) . Notable in these analyses was the greater rounding caused by the E381A mutant after 4 h compared to that caused by the E379A-E381A mutant. This suggests that the activity of the E379 residue contributes, either directly or indirectly, to transient cell rounding caused by the E381A mutant. Together, the results redirect attention to the role of the E379 residue in the observed effects of the R146A-E381A mutant on cell morphology and inhibition of DNA synthesis.
Examining the mechanism for the effects of ExoS mutants on cell function. (i) Comparison of the in vitro and in vivo
ADPRT activity of GAP and ADPRT ExoS mutants. While the studies described above confirmed a requirement of ExoS ADPRT activity for severe effects of ExoS on DNA synthesis and morphology, constructs containing both GAP and ADPRT mutations provided evidence that these two domains might be able to modulate the function of each other. To gain further understanding of how the R146A mutation in the GAP domain of ExoS might be affecting its ADPRT activity, ExoS mutant constructs were compared for their ability to modify Ras, a cellular substrate of ExoS ADPRT activity, both in vitro and in vivo following bacterial translocation. As shown in Table 2 , ExoS constructs having a single E381A or double E379A-E381A ADPRT mutation showed undetectable levels of ADPRT activity in in vitro assays using SBTI as an ADP-ribose acceptor. Similarly, as shown in Fig. 6A , when bacterial culture supernatants containing the mutant forms of ExoS were assayed for their ability to ADP-ribosylate Ras in vitro, as detected by a shift in the molecular mass of Ras (5), ExoS and the R146A mutant were able to ADP-ribosylate Ras, whereas ADPRT mutant forms of ExoS were not. In vivo, as in vitro, cellular Ras has been found to exhibit a shift in molecular mass upon ADP-ribosylation by bacterially translocated ExoS (32) . When bacterially translocated ExoS with GAP and/or ADPRT mutations was examined for its ability to ADP-ribosylate cellular Ras, Ras was predictably modified following coculture with strains expressing ADPRT active ExoS and the R146A mutant (Fig. 6B) . However, a shift in the mass of Ras was also observed following exposure to strains expressing the E381A and E381A-R146A mutant forms of ExoS. This shift was not detected following coculture with strains in which both the E379 and the E381 ADPRT residues were mutated nor upon culture with the pUCP vector control. The data support the idea that the E381A mutant retains residual ADPRT activity that is able to modify Ras in an in vivo setting but unable to do this under in vitro assay conditions.
(ii) Analysis of Ras modification by ExoS mutants in vivo. In repeated analyses, using coculture periods varying from 4 to 6 h, ExoS and the R146A mutant were found to consistently ADP-ribosylate Ras more efficiently than the E381A and R146A-E381A mutants. This is evident in Fig. 6B by the increased intensity of the modified Ras bands caused by ExoS and the R146A mutant and by the slightly faster mobility of Ras modified by the E381A and R146A-E381A mutants. Also notable in Fig. 6B is the increased intensity of the modified Ras band in cells exposed to the R146A-E381A mutant compared to the E318A mutant, which is consistent with the former being able to modify Ras more efficiently than the latter. Quantification of the intensity of modified Ras bands in four independent studies found the modification of the R146A-E381A mutant to be (1.8 Ϯ 0.4)-fold more efficient than that of E381A.
To gain further understanding of ADP-ribosylation events leading to the differences in Ras modification detected by SDS-PAGE, Ras was analyzed by 2DE following bacterial translocation of the ExoS mutants. Unmodified Ras focuses as two major isoforms by 2DE, representing its two major post- translationally modified isoforms. This is shown in Fig. 7 in the ⌬S and R146A-E379A-E381A panels and is the same as that observed in untreated, control cells (not shown). Exposure to the R146A-E381A and E381 mutants resulted in a ϳ3-kDa shift in the mass of Ras which was associated with a single pI shift of ϳ0.25 U. This combined shift in mass and pI of Ras is consistent with the transfer of a single ADP-ribose moiety to Arg41 on Ras (13, 43) . Differences in the efficiency of Arg41 modification by the R146A-E381A and E381A mutant were also evident in the relative increase in intensity of modified Ras versus that of unmodified Ras, when Ras modification by the two mutants was compared. In examining Ras modification by PA103⌬UT expressing ExoS or the R146A mutant, the same 3-kDa-0.25-pI shift in Ras was detected as for the R146A-E381A and E381A mutants, but this was accompanied by a second ϳ0.25-pI shift in Ras associated with a minimal change in mass. This double modification of Ras is consistent with that previously reported for the transfer of ADP-ribose moieties to both Arg41 and Arg128 on Ras (14, 43) . These studies indicate that the less-efficient Ras modification caused by bacterially translocated E381A or R146A-E381A mutants compared to ExoS relates to their ability to transfer an ADP-ribose moiety to the preferred Arg41 site of ADP-ribosylation on H-Ras but not to the secondary, Arg128 site of ADP-ribosylation. The finding that this initial transfer is more efficient in the R146A-E381A than E381A mutant implicates the potential for the GAP region of ExoS to modulate this preferred ADPRT activity of ExoS. Conversely, these studies support the idea that both the E379 and the E381 residues are required for the double ADP-ribosylation of Ras by ExoS and that the combined loss of E379 and E381 activity results in abrogation of Ras modification.
(iii) Analyses of ExoS mutant translocation.
To gain further understanding of cellular processes that might contribute to differences in substrate modification by ExoS mutants, the translocation and localization of ExoS mutant constructs in HT-29 cells was examined in cell fractionation studies. In previous studies examining the translocation of ExoS into HT-29 cells by ExoS producing strain 388, we were unable to detect ExoS protein in S-100 cytosolic and P-100 plasma membrane fractions by immunoblot analysis, although ExoS ADPRT activity was detected in both fractions (unpublished data). Several laboratories, including those studying Pseudomonas sp. (16, 37) , have now been able to detect type III effector proteins in the cytosol of eukaryotic cells following bacterial translocation. We therefore used methodologies from these laboratories to examine whether differences in the efficiency of membrane translocation of ExoS GAP and ADPRT mutants might contribute to their differences in substrate modification.
Multiple fractionation approaches involving mechanical (17, 37) , saponin or digitonin (24, 25) , and Triton X-100 (16) cellpermeabilizing procedures were used to examine ExoS translocation to the cytosol. Essentially the same results were obtained in all studies, which are represented in Fig. 8 . Here, HT-29 cells were treated with 0.2% saponin following coculture with bacteria separated into soluble (cytosolic) and pellet fractions by centrifugation at 16,000 ϫ g, and membrane proteins were solubilized from the pellet using 1% Triton X-100. This resulted in cytosolic, TX-100 membrane-soluble and -insoluble pellet fractions. Figure 8A shows the levels ExoS products and in vitro ADPRT activity of bacterial culture supernatants, prior to the processing of bacteria and addition to HT-29 cells. While all bacteria were able to produce ExoS product, Fig. 8B shows (i) the lack of detection of any of the ExoS products in the cytosolic fraction, although ExoS ADPRT activity was detected; (ii) the detection of ExoS ADPRT-inactive products, particularly those with a double E379A-E381A mutation, in the Triton X-100 membrane-soluble fraction, and (iii) the detection of all ExoS products in the insoluble pellet fraction. To assess the direct relationship between the ExoS product and ExoS function, the ExoS blot (Fig. 8B) was reprobed for the in vivo ExoS substrate, Ral (Fig. 8C) . Evident in the Ral blot is the overloading of samples in an effort to detect ExoS and the relative levels of Ral and efficiency of Ral mod- FIG. 7 . 2DE analysis of the in vivo ADP-ribosylation of Ras by ExoS GAP and ADPRT mutants. Following a 5-h coculture of HT-29 cells with strain PA103⌬UT producing the indicated ExoS protein, Ras was immunoprecipitated from cell extracts, as in Fig. 6B . Ras immunoprecipitates were solubilized in 2DE rehydration buffer, as described in Materials and Methods, and focused on Immobiline pH 4 to 7 gradient gel strips. Strips were equilibrated in SDS equilibration buffer, proteins were resolved in the second dimension on SDS-12% polyacrylamide gels and transferred to PVDF membranes, and Ras was detected as in ification by the respective ExoS constructs in the cytosolic and TX-100 membrane soluble fractions. The conclusions drawn from these studies are as follows. (i) Although ADPRT-active ExoS and evidence of its functional modification of Ral were detected in the cytosolic faction, the ADPRT-active protein was undetectable. (ii) ADPRT-inactive mutant forms of ExoS were detectable in the membrane soluble fraction, implying that mutations in ADPRT activity resulted in the stabilization or retention of ExoS in the cell membrane. (iii) The detection of ExoS product in the insoluble pellet fraction of all constructs, which includes adherent bacteria (25) , confirms that ExoS product is being produced by all strains in association with HT-29 cells. (iv) In examining Ral modification, we detected more-efficient Ral modification by ADPRT-active ExoS or R146A constructs then with the E381A or R146A-E381A constructs (two versus one modified forms), and more-efficient Ral modification was detected in the TX-100 membrane fraction.
DISCUSSION
Bacterially translocated ExoS has been found to exert complex and diverse effects on HT-29 epithelial cell function (34), implying that multiple signal transduction pathways are being affected by ExoS. While the precise cellular mechanism of action of ExoS remains unknown, its complex effects on cell function are likely influenced by its bifunctional mechanism of action, with ExoS including a GAP activity within its amino terminus (18) , and an ADPRT activity within its carboxy terminus (26) . We were able to explore the independent and coordinate functions of ExoS GAP and ADPRT activities in the effects of bacterially translocated ExoS on epithelial cell function relying on previous studies that identified Arg146 as integral to the GAP function of ExoS (18, 37) and Glu381 as integral to ExoS ADPRT function (31) . The effects of mutations in GAP and/or ADPRT activity on the effects of ExoS on cell function were then assessed and differentiated from each other and other P. aeruginosa type III effector proteins by using strain PA103⌬UT to translocate ExoS into HT-29 cells.
When bacterially translocated E381A ADPRT mutant ExoS (having an in vitro specific ADPRT activity of Ͻ0.01 fmol min Ϫ1 ng
Ϫ1
) was evaluated relative to previously defined effects of ExoS on DNA synthesis and morphology, the cellular effects observed were much like those caused by the non-ExoSproducing strain, 388⌬S. The primary cellular alteration attributed to the PA103⌬UT-E381A mutant was transient cell rounding, from which the cells were able to recover following the removal of bacteria. Similar transient morphological alterations caused by strains PA103⌬UT-E381A and 388⌬S were predicted to relate to their type III-mediated translocation of functionally similar GAP activities which target the cytoskeletal regulatory proteins, Rho, Rac, and Cdc42 (18, 27) . The role of GAP activity in transient effects on cell morphology was subsequently directly tested in coculture studies that examined the effects of a bacterially translocated R146A GAP mutant form of ExoS. Transient, reversible cell rounding caused by the R146A mutant form of ExoS was found to be as severe as that caused by ExoS, indicating that the loss of GAP activity had no obvious impact on the effect of ExoS on transient cell rounding. However, effects on transient cell rounding were lessened when HT-29 cells were cocultured with PA103⌬UT expressing an R146A-GAP-E381A-ADPRT mutant form of ExoS, implying that effects of ExoS GAP activity on cell morphology could be recognized when examined in conjunction with an ADPRTinactive form of ExoS. This premise was subsequently challenged when an E379A-E381A double ADPRT mutant was constructed which abrogated transient effects on cell rounding The lack of detectable effects of bacterially translocated ExoS GAP activity on cell morphology is notable relative to previously detectable effects of the N-terminal GAP domain on cell morphology in transfection studies (38) . Recent threedimensional structure analysis of the complex between the amino-terminal GAP domain of ExoS and Rac also support the idea that ExoS, like other GAPs, can downregulate Rac using an arginine finger, Arg146, to stabilize the transition state of the GTPase reaction (44) . One explanation for our inability to detect an alteration in cell morphology by ExoS GAP when bacterially translocated is that the cellular targeting specificity dictated by this mode of internalization may limit its direct effect on the cell structure. It should also be noted, relative to an understanding of the effects of ExoS GAP activity on cell function, that our studies were limited to HT-29 epithelial cells and did not explore previously identified effects of ExoS on macrophage phagocytosis (12) or bacterial invasion (6) .
It became apparent from comparisons of the effects of bacterially translocated ExoS and E381A mutant ExoS on cell function that ExoS ADPRT activity was required for what were previously identified as ExoS-specific effects on cell function (34) . The integral role of ExoS ADPRT activity in these effects implies that the cellular mechanism of action of ExoS relates to the proteins targeted by ExoS ADPRT activity in vivo. Ras and Ral, but not Rap-1, have been identified as cellular targets of bacterially translocated ExoS ADPRT activity (32) (Fraylick et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol. 2000). Ras is integral to signal transduction pathways affecting DNA synthesis and cytoskeletal structure. Hence, the interruption of Ras signaling upon ADP-ribosylation by ExoS provides a potential explanation for the diverse effects of ExoS on cell function. While the cellular function of Ral is less well understood, Ral is known to be involved in signaling processes that affect cell proliferation and the GTPase regulation of Rac and Cdc42 (1, 19, 23, 36) , which is consistent with the ADP-ribosylation of Ral by ExoS also playing a role in the cellular mechanism of action of ExoS. Experimental difficulties in identifying cellular proteins ADP-ribosylated in vivo by bacterially translocated ExoS currently limit a complete understanding of the cellular mechanism of action of ExoS ADPRT activity. Knowing that ExoS exhibits diverse substrate specificity in vitro (3) (4) (5) and can ADP-ribosylate more than one protein in vivo leads to predictions that the effects of ExoS ADPRT activity on cell function will relate to its selective targeting of multiple proteins.
An unexpected finding in comparisons of the effects of ExoS GAP and ADPRT mutations on cell function was evidence that the two domains might be modulating the function of each other. This modulatory effect was first noticed in DNA synthesis studies when the effects of the R146A-E381A GAP-AD-PRT mutant and the E381A ADPRT mutant were compared. In these studies, the abrogation of ExoS function by the E381A mutation was to some degree reversed when combined with a GAP mutation, with the R146A-E381A double mutant causing about a 50% greater inhibition of DNA synthesis than the E381A mutant. The cellular mechanism for this modulatory effect was further explored by assaying the ability of the GAP and ADPRT mutants to ADP-ribosylate Ras both in vitro and in vivo. While neither the E381A or R146A-E381A mutant were able to ADP-ribosylate Ras in vitro, exposure of HT-29 cells to strains expressing both mutants resulted in a shift in the molecular mass of cellular Ras, a result consistent with these mutant forms of ExoS having ADPRT activity when bacterially translocated. Comparisons of Ras modification by SDS-PAGE analyses indicated that Ras was being ADP-ribosylated more efficiently by PA103⌬UT-ExoS and the R146A mutant than by the E381A and R146A-E381A mutants. Subsequent 2DE analyses supported that bacterially translocated E381A and R146A-E381A were able to ADP-ribosylate H-Ras at the preferred site of modification, Arg41, but not the secondary site of ADP-ribosylation, which is modified by ExoS and the R146A mutant. Also, consistent with the ability of the R146A-E381A mutant to cause a greater inhibition of DNA synthesis than E381A, the R146A-E381A mutant was able to modify Ras more efficiently, implicating the ability of the GAP activity of ExoS to functionally modulate its ADPRT activity. A candidate residue being targeted in the modulation of ADPRT activity by the R146A-E381A mutant is Glu379 (39), which is supported by the finding that the introduction of an E379A-E381A double ADPRT mutation, in combination with R146A, abrogates these modulatory effects.
To further examine cellular processes that might contribute to the differences in substrate modification by the GAP and ADPRT mutant forms of ExoS, HT-29 cell fractionation studies were performed following exposure to bacteria, and the translocation of the different ExoS products was monitored. While other laboratories studying type III-mediated translocation by E. coli, Yersinia spp., and P. aeruginosa (16, 24, 30, 37) have been able to detect type III effector proteins in the cytosol of host cells, we were consistently unable to detect ExoS protein in the cytosolic fraction of HT-29 cells, but we were able to detect ExoS ADPRT-inactive protein in fractions that included soluble membrane proteins. In an effort to detect cytosolic ExoS protein, multiple fractionation methods were employed (16, 17, 24, 25, 37) , and highly concentrated cytosolic extracts (representing ϳ2.5 ϫ 10 8 cells) were examined using an immunoblot procedure calculated to have a sensitivity of Ͻ1 ng of ExoS protein. Immunoblots were also probed with multiple ExoS antibodies, known to recognize different ExoS epitopes (10) , to rule out that cell processing events might be deleting or masking antibody recognition sites. Contrary to the inability to detect ExoS protein in the cytosolic fraction, functional evidence of ExoS ADPRT activity in in vitro assays and in the ADP-ribosylation of Ral was apparent in the cytosol. While we do not yet have a complete understanding for the discrepancy in the detection of ExoS protein and ADPRT activity within the cell, our analysis of ADPRT mutant forms of ExoS has allowed the development of a model which helps explain what is observed and what might be happening as ExoS ADPRT activity is being translocated into the host cell.
In developing this model we first noted that, consistent with previous reports (16, 37) , ExoS protein with defects in ADPRT activity, but not ExoS with wild-type activity, was detected in cellular fractions that included solubilized membrane proteins. This provides evidence that a defect in ADPRT activity stabilizes the membrane-associated form of ExoS. While this stabilization was evident in fractionation studies with E381A mutants (data not shown), it was more evident in the double E379A-E381A mutants and links ExoS ADPRT activity with the efficiency of ExoS membrane translocation. Second, it was apparent based on the levels of ADPRT-active protein detected in ExoS-producing bacterial culture supernatants that the high levels of ADPRT activity in the host cytosolic fraction following exposure to ExoS-producing bacteria (ϳ3 fmol min Ϫ1 l Ϫ1 ) should be detectable in ExoS protein analyzes. In this regard, however, we have found that the addition of cytosolic extracts to ADPRT activity assays greatly enhances (Ͼ10-fold) the detectable levels of ADPRT activity. Evidence of the enhancement of ADPRT activity by cellular components, coupled with the observed more efficient ADPRT substrate modification detected within the membrane fraction, provides a glimpse of the potential of the eukaryotic cell microenvironment to enhance the efficiency of ExoS ADPRT activity beyond that apparent in in vitro analyses. In our proposed model relating substrate modification by ExoS to membrane translocation, our data support that mutants with defects in ADPRT activity retain a membrane association and, within this microenvironment, residual ADPRT activity of the E381A and R146A-E381A ExoS mutants is facilitated. This would explain the detection of ADPRT activity by these mutants in vivo but not in vitro. The lack of detection of ADPRT-active ExoS protein in the membrane soluble and cytoplasmic fractions is predicted to relate to the facilitated translocation of the AD-PRT active form of ExoS through the membrane, which, when coupled with its highly efficient ADP-ribosylation of cellular substrates, results in a shutdown of cellular activity and further internalization of ExoS. Although not directly addressed in our studies, another factor that might play an important role in the inability to detect ExoS protein in the host cell once internalized is the efficient clearance of ExoS by eukaryotic proteases. Consistent with this possibility, ExoS has been reported to be highly sensitive to proteolysis (28) . Thus, in comparisons of ExoS protein internalization with that of other type III effectors, our data support that the ADPRT activity of ExoS effectively limits its accumulation within the host cell and that this then precludes its detection by methodologies capable of detecting other type III effector proteins.
In summary, while trying to clarify the functional contributions of the GAP and ADPRT activities of ExoS in its cellular mechanism of action, we have uncovered additional complexities in the effects of ExoS on cell function. Our studies support the idea that ExoS ADPRT activity is the key player in the previously identified effects of ExoS on DNA synthesis and long-term cell rounding. Conversely, while we were unable to clearly distinguish a role of GAP function, as defined by the R146A mutation, in the effects of ExoS on DNA synthesis and cell morphology, we were able to detect the potential of ExoS GAP activity to modulate its ADPRT activity. Mutations in ExoS ADPRT activity appear to alter its efficiency of membrane translocation, but differences detected in substrate modification by these mutants relate more to inherent defects in protein function, rather than to altered membrane translocation. Together, these studies draw attention to the coordinate role of ExoS ADPRT and GAP activities in the effects of ExoS on eukaryotic cell function and the integral relationship of the host cell in these effects.
